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Abstract—Power electronic converters are increasingly used 
in power systems. However, they are vulnerable components and 
prone to aging failures, thus affecting overall system reliability. 
Therefore, their availability modeling especially in large-scale 
power electronic-based power systems is of paramount im-
portance. This letter introduces four different approaches for 
converter availability modeling considering aging failures under 
different maintenance strategies. The accuracy and calculation 
burden of these approaches are illustrated by numerical analysis. 
It is shown that the method of device of stages and piece-wise 
approach are the most applicable methods in the case of correc-
tive and preventive maintenance strategies respectively. 
Index Terms—Availability, Exponential failure rate, Power 
Converter, Wear-out failure, Aging failure. 
I.  INTRODUCTION 
OWER electronic converters are a frequent failure source 
in many applications [1], [2]. Converter fragile compo-
nents such as electrolytic Capacitors (Cap) and Power 
Modules (PM) are prone to aging failures [2]–[6]. On the oth-
er hand, they are increasingly used in power systems [7]. 
Thus, their reliability modeling considering the aging failures 
is of utmost importance for power system reliability evalua-
tion. 
Equipment aging has been considered in power system re-
liability analysis especially for maintenance activities e.g., in 
transformers and distribution lines [8], [9]. Aging availability 
has been modeled based on posteriori probability in [8] and 
Piece-Wise Approach (PWA) in [9]. Furthermore, Method of 
Device of Stages (MDS) has been presented for steady-state 
availability modeling in systems with non-exponential down-
times [10], [11]. Semi-Markov Process (SMP) has also been 
presented for availability modeling in non-exponentially dis-
tributed systems [12].  
In posteriori probability-based approach [8], it is assumed 
that the aging process is slowed by applying maintenance ac-
tivities, but the failure rate is gradually increased [13]. How-
ever, in power electronics, Cap and PM are not repairable and 
they should be replaced with a new one once any kind of fail-
ure, i.e., chance or aging failures, occurs. Thus, the aging will 
be fully stopped in the failed components. As a result, apply-
ing this approach for converter availability estimation may 
cause erroneous results. Moreover, it requires calculating the 
integral of probability function for a small-time intervals [8], 
hence, introducing higher calculation burden.   
On the other hand, the PWA, MDS and SMP seem to be 
applicable for converter availability prediction. They may 
introduce different calculation burden and estimation error 
because of the corresponding modeling process. Notably, the 
applied maintenance strategy can affect the accuracy of the 
prediction. This letter explores the applicability and perfor-
mance of these techniques for modeling the availability of 
power converters considering their aging failures under differ-
ent maintenance strategies. Furthermore, a new method based 
on Markov Chain Technique (MCT) is proposed for verifying 
the accuracy of different approaches. In the following, these 
approaches are presented in Section II. The viability of these 
methods is illustrated by numerical analysis under different 
failure characteristics and maintenance strategies in Section 
III. Finally, Section IV summarizes the outcomes.  
II.  AVAILABILITY MODELING METHODS 
The converter reliability is measured by its unavailability 
which is complementary of its availability. It is modeled by 
reliability of converter’s fragile components. The components 
are prone to chance and wear-out failures [14]. Considering 
that these two failure modes are independent, the component 
availability, A can be modeled by using (1). 
 
c w
A A A=    (1) 
where Ac and Aw are the availability due to the chance failures 
and wear-out failures, respectively. For the chance failures 
with constant failure rate, λ and repair rate, μ, the availability 








  (2) 
However, the wear-out availability with a non-constant failure 
rate cannot be predicted by MP. Thus, some possible solutions 
are introduced in the following.  
A.  Piece-Wise Approach (PWA) 
In this approach, the failure rate function is discretized into 
constant failure rates through short time slots as shown in Fig. 
1 [11]. Therefore, the item availability is approximately found 
by using (2) for the time k with the failure rate of λ = λk. This 
approach is suitable for repairable systems, where the aging is 
not removed after maintenance. However, for power convert-
ers, the components will be replaced by a new one after a fail-
ure. Therefore, employing this approach may introduce high 
error in availability approximation for power converters de-
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Fig. 1. Piece-wise approximation of a failure rate function. 
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pending on the maintenance strategy. 
B.  Semi-Markov Process (SMP) 
SMP is another approach to estimate the availability of 
non-exponentially distributed systems [12]. Consider a system 
with two states of operating state “1” and downstate “0” as 
shown in Fig. 2(a) with non-constant failure rate, h(t) and con-
stant repair rate, μ. The system remains in state i = {0, 1} with 
random time of Tij, j = {0, 1}, j ≠ i, which has the Cumulative 
Probability Function (CDF) of Fij(t) as shown in Fig. 2(b). 
According to [12], the probability of being in state j if the pro-
cess starts at state i, ψij can be obtained by using (3): 









t F t F t d
d
     
=

= − +  −   (3) 
where δij = 1 for i = j and δij = 0 for i ≠ j. The availability, 
A(t) considering that the system was in operating state “1” at 
the beginning, is obtained by using (4). 
 ( ) ( )11A t t=   (4) 
C.  Method of Device of Stages (MDS) 
The MDS has been introduced for availability prediction of 
systems under a non-exponential repair strategy [11]. In this 
approach, the non-exponential repair time distribution func-
tion is approximated by combination of exponentially distrib-
uted devices. Here, this approach is employed for availability 
prediction considering the non-exponential failure rates. As a 
result, the system shown in Fig. 2(a) can be represented by the 
one shown in Fig. 2(c). The state “1” is replaced by m devices 
in series modeling the wear-out failure by a gradual failure 
rate [11]. If the wear-out failure density function is modeled 
by a Weibull distribution with scale and shape factors of α and 
β [11], the number of series devices, m and the transition rate, 
ρ can be found by using (5). 
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  (5) 
where M1 and M2 are the first and second moments of Weibull 
distribution function. [·] denotes as the nearest integer func-
tion, and Γ(·) is the Gamma function. Therefore, by replacing 
the system with exponentially distributed devices, the availa-
bility can be obtained by using MP described in [11].  
D.  Markov Chain Technique (MCT) 
This approach is proposed in this letter to verify the accu-
racy of other methods. In this approach, the different failure 
possibilities are considered at different times as shown in Fig. 
3. The system starts to operate at t = 0 in state “10”. For the 
next small time of T, it will be failed with the probability of Q0 
and will be survived with the probability of 1-Q0. If it fails it 
will be replaced with the probability of G and restored to the 
state “10” or it will remain at stat “0” with the portability of 1-
G. However, if it survives, it will enter to the state “11”. This 
process will continue by the end of the target mission time. 
The probability of the replacement is defined by exponential 
distribution function by using (6). Moreover, the failure prob-
ability at each time of k, can be obtained by the posteriori 
function [11] given in (7), where h(·) is the failure function 
and F(·) is the failure CDF. 
 ( )1G exp T= − −   (6) 
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  (7) 
The transitional probability matrix of this process can be 
written as (8). This process is similar to a Markov Chain with 
n+1 states, thus, the probability of each state at any time of 






0 1 1 1 1
0 1 0 0 0
1 0 1 0 0
1 0 0 1 0
1 0 0 0 0


















  (8) 
III.  NUMERICAL AND COMPARATIVE ANALYSIS 
In this section, the performance of the four introduced ap-
proaches is explored by predicting the availability of a con-
verter. It is assumed that the converter has two failure-prone 
components including Cap and PM. Four case studies are con-
sidered with different failure and repair characteristics of con-
verter components as summarized in TABLE I. The aging of 
Cap in Case I & III is faster than in Case II & IV. Moreover, 
the employed maintenance strategy in Case I & II is corrective 
while in Case III & IV is preventive. In the following, the 















Fig. 2.  State space representation of an item, (a) general model, (b) semi-















































Fig. 3.  Tree diagram of a system considering non-exponential failure rate.  
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A.  Impact of corrective maintenance: Case I & II 
In this approach, the converter components will be re-
placed based on corrective maintenance strategy in which they 
will be replaced whenever a failure occurs. The unavailability 
of converter and its components are shown in Fig. 4 and Fig. 5 
for Case I and II respectively. As shown in Fig. 4 and Fig. 5, 
the three methods of SMP, MDS and MCT result in almost the 
same results where the yellow graph belongs to the MCT indi-
cates the accurate unavailability. However, the unavailability 
predicted by the PWA is close to the accurate value at the ear-
ly lifetime, while it becomes divergent eventually as shown in 
Fig. 4 and Fig. 5. Notably, accurate result of PWA depends on 
the failure characteristics of components. Comparing Fig. 4(a) 
and Fig. 5(a) shows that the PWA follows the accurate results 
for almost 5.25 years in Case II, while for 7.9 years in Case II. 
This is due to the fact that in Case II, the aging of capacitor is 
slower than in Case I as given in TABLE I. Moreover, the 
converter unavailability depends on its most fragile compo-
nent, e.g., PM in Case I and II. According to these analyses, 
the PWA is not a suitable approach for unavailability predic-
tion with a fast aging process in a corrective maintenance 
strategy. However, if the aging process is slow, like the Cap in 
Case II, the PWA has enough accuracy for almost 8 years.  
B.  Impact of preventive maintenance: Case III & IV 
In practice, corrective maintenance may not be a cost-
effective solution for enhancing the long-term performance of 
converters. Therefore, preventive maintenance strategies can 
be employed to replace the converter components at a suitable 
time based on their aging process. The replacement time can 
be determined by minimizing planned and unplanned mainte-
nance costs. According to [15], a Cost Efficiency measure CE 
can be adopted, where the replacement time is the argument of 











r F t MTTF
CE t




  (9) 
where r is the ratio of unplanned to planned maintenance costs 
which is considered to be 2 in this letter. Furthermore, F(t) is 
the wear-out distribution function. For the given distribution 
functions for converter components in TABLE I, the CE func-
tion is shown in Fig. 6 with the minimum values pointed with 
green dots. The preventive maintenance times are also sum-
marized in TABLE I for Case III & IV. 
The converter and its components unavailability functions 
are shown in Fig. 7 and Fig. 8 for Case III & IV respectively. 
It can be seen that employing preventive maintenance, the four 
approaches result in almost the same unavailability functions. 
Moreover, the predicted unavailability by the PWA with Pur-
ple graph is more close to the accurate values estimated by 
























































Fig. 6. Optimal replacement time of converter components based on the age-
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Fig. 7. Case III: (a) Cap, (b) PM, and (c) total converter unavailability. 
TABLE I 








type t0 [y] 
Case I 
PM 0.2 6 3 120 Corrective – 
Cap 0.3 8 2.5 120 Corrective – 
Case II 
PM 0.2 6 3 120 Corrective – 
Cap 0.3 12 2.5 120 Corrective – 
Case III 
PM 0.2 6 3 120 Preventive  3.8 
Cap 0.3 8 2.5 120 Preventive 5.2 
Case IV 
PM 0.2 6 3 120 Preventive 3.8 
Cap 0.3 12 2.5 120 Preventive 7.9 
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Fig. 8. Case IV: (a) Cap, (b) PM, and (c) total converter unavailability. 
C.  Comparison 
The performance of the introduced approaches including 
simulation time and maximum estimation error is summarized 
in TABLE II. The simulations have been run in MATLAB 
environment on a personal computer with Intel (R) Core (TM) 
i7-7600U CPU @ 2.8 GHz and 8 GB memory. Notably, the 
error values show the maximum difference between each ap-
proach and MCT during transient and steady-state. 
Obtained results show that the error of PWA is significant-
ly high in the case of corrective maintenance. This is due to 
the fact that the components will be replaced by a new one 
after any failure, thus, it is returned to the useful life period. 
Whereas, the PWA considers the minor repair on a component 
where is it still operated in the wear-out phase. However, the 
PWA introduces the highest accuracy (2-3% error) and the 
fast calculation time (less than 1 sec) in the case of preventive 
maintenance. The MCT is the most accurate approach, while it 
requires quite high computation time. Furthermore, the accu-
racy of SMP and MDS is almost similar and the induced error 
is acceptable, while the simulation time of the MDS is re-
markably low. 
As a result, in the case of corrective maintenance strategy, 
the MDS can be a suitable approach for availability prediction. 
Moreover, in the case of preventive maintenance, the PWA 
approach introduces a remarkably low calculation burden and 
acceptable prediction error. Therefore, in large-scale power 
electronic-based power systems with preventive maintenance 
strategies, the PWA can be a suitable approach for reliability 
modeling of power systems considering converter aging. 
TABLE II 
Performance of different approaches for the cases summarized in TABLE I. 
Case Approach PWA SMP MDS MCT 
Case I 








Max Error (%) > 100 10 7 0 
Case II 








Max Error (%) > 100 9 8 0 
Case III 








Max Error (%) 3 7 8 0 
Case IV 








Max Error (%) 2 6 8 0 
IV.  CONCLUSION  
This letter has introduced several methods for availability 
modeling of power converters considering components aging. 
Furthermore, a new approach based on the Markov Chain 
model is proposed to evaluate the accuracy of different meth-
ods. The accuracy and calculation burden of these methods 
have been illustrated under different failure characteristics and 
maintenance strategies. Among different approaches, the MDS 
is the most applicable method (fast and accurate enough) for 
availability prediction in the case of corrective maintenance. 
Moreover, in the case of age-replacement preventive mainte-
nance, the PWA has a fast and accurate prediction perfor-
mance compared to the other approaches. As a result, it can be 
used for reliability modeling in large-scale power electronic-
based power systems with remarkably low calculation burden 
and acceptable accuracy.  
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